Abstract: 229 words 15
of DA's contributions.
Introduction
excluded three patients and one control with response variances that fell more than 2 standard deviations 118 above the group mean. Thus, all results reported here concern 20 patients and 20 controls (see Table 1 ). Of 119 these subjects, one patient ended the task two blocks early in the off-medication condition due to physical 120 discomfort and one control ended the second visit early due to an unexpected time constraint. Thus, these 121 subjects are necessarily omitted from tests that turn on the last block of the affected visit but data from the 1 A fraction of patients were referred by external neurologists in accordance with our criteria. For two of these individuals we only know that the HY rating was within the 0 to 3 range; For four of these individuals we were unable to obtain the UPDRS scores.
years since disease onset was 7.3 (range: 1 to 28 years). On average, patients scored 121.2 (±9.5 sd) on Patients were prescribed various combinations and dosages of dopaminergic medications. Almost all 133 subjects were receiving treatment with L-Dopa (n = 17), a DA precursor, and a subset of these were also 134 taking D2 receptor agonists (n = 5). In addition to L-Dopa and D2 agonists, which specifically target the DA 135 system, some patients were also taking monoamine oxidase inhibitors (n = 10; MAOI) and NMDA receptor 136 antagonists (n = 5).
137
Experiment Design and Task
138
Figure 1: Foraging task. Subjects foraged for apples in four 6-minute virtual patch-foraging environments. They were presented with a tree and had to decide whether to harvest it for apples and incur a short harvest delay or move to a new tree and incur a longer travel delay. Harvests at a tree earned apples, albeit at an exponentially decelerating rate. New trees were drawn from a Gaussian distribution. Environmental richness (opportunity cost of time) was varied across blocks by changing the travel time. The quality of the tree, depletion rate and richness of the environment were a priori unknown to the subject (see Methods for a detailed explanation).
Subjects made serial stay/switch decisions in a virtual patch-foraging task (Constantino and Daw, 2015): 
156
Subjects experienced two distinct foraging environments in an ABAB counterbalanced block design.
157
The decision-relevant parameters that define an environment are the harvest time, the travel time, the 158 rate at which apples are depleted, and the tree quality distribution. 
Behavioral Task Training

186
After reading the instructions, subjects were prompted to ask questions before beginning a 2-minute training 187 session, in which they experienced two environments of different qualities (selected to also differ from the 188 experimental environments). Subjects were asked to identify the shorter travel delay (richer) environment.
189
The training task was not long enough for the patients to fully acclimate to the timing contingencies of 190 the task prior to beginning the experiment, which, in addition to variability due to learning about the 191 environments, likely contributed to the high response variance in the initial two experimental blocks.
192
The Marginal Value Theorem and Optimal Behavior
193
Charnov (1976) showed that the long run reward-rate optimizing policy for this class of tasks is given by a 194 simple threshold rule. In the context of our discrete-trial version of the task, the optimal policy is to exit the optimal leaving rule is to search for a new tree whenever E si+1 [r i+1 ] = s i < ⇢h.
199
Threshold Estimates
200
Our primary dependent variable of interest was the threshold at which subjects left each tree. We estimated cost of time, we compared the estimated exit threshold across the two block types, using paired t-tests on 207 the mean (across trees, within block) per-subject leaving thresholds.
208
Effect of Disease and Medication on Leaving Thresholds
209
We also examined how thresholds varied with disease and medication status. In order to test this across 210 subjects, while controlling for both between-and within-subject variation and the repeated measures struc-
211
ture of the task, we used a linear mixed effects model, estimated using the lme4 package in the R statistical 
214
For this analysis, the dependent variable was the tree-by-tree exit thresholds and the explanatory variables that between controls and unmedicated patients (the between-subject effect of disease, off medication) and 222 that within patients on vs. off medication (the within-subject medication effect in patients), respectively.
223
As a robustness check, we ran variants of this regression that included nuisance variables, such as age, 224 education and MoCA.
225
Control Task for Motor Perseveration
226
In order to test for potential motor perseveration, on each visit we included a control task after the foraging 227 task that lasted the length of one foraging block (Figure 4a specifically, 6 controls and 5 patients were tested alongside the foraging task in the same visits, whereas the 231 remaining subjects were newly recruited (from the same referral population) as part of a different study.
232
This sample of patients had a mean HY rating of 2.11 (±0.65), a mean UPDRS-III of 24.11 (±9.9), and a 233 mean WASI of 117.1 (±10.61).
234
The perseveration task had the same timing and response latencies as the harvest decisions in the foraging 235 task but there were no rewards and no manipulation of the opportunity cost of time. On each trial, subjects 236 saw a randomly drawn shape (diamond or star; drawn with equal probability) displayed in the center of 237 the screen and were prompted to indicate the shape by a shape-specific key press (see Figure 4a ). The 238 shape was displayed for the same amount of time as the apples in the foraging task. A failure to respond 239 resulted in a timeout, and all responses were followed by feedback ("correct", "incorrect", or "too slow").
240
trial, independently of the presented shape in the current trial.
242
We investigated whether response accuracy was affected by motor perseveration using a mixed effects to a lower earned apple threshold), because time is relatively cheap and rewards are relatively scarce.
258
The literature linking the average reward rate, a measure of the opportunity cost of time in our task, to 259 the DA system, suggests that lower tonic DA levels would result in a lower estimate of environment quality,
260
all else held equal. In our study, this hypothesis would imply that PD patients off medication should harvest 261 trees down to lower leaving thresholds, whereas medication should increase thresholds.
262
Individual leaving thresholds over the course of the experiment are shown for two example subjects, one The initial quality of each new tree and the depletion rate following a harvest decision were randomly drawn.
279
These features require the ideal agent to monitor the number of apples obtained at each step, which serves 280 as a noiseless measure of the current state of the tree, in order to decide whether the current tree is worth 281 harvesting. The optimal policy for deciding whether to leave a tree requires comparing the expected reward The missing degree of freedom for visit 2 and the off medication condition is due to early termination of the experiment in one of the visits by one control and one patient. See methods for details. The grey bars indicate mean leaving thresholds per environment type (long or short), with 95% confidence intervals, displayed in the following order (left to right): controls, visit 1; controls, visit 2; PD patients, on medication; PD patients, off medication. Filled diamonds represent the ideal forager thresholds for short (orange) and long (red) travel delays.
findings of a previous study examining the behavior of healthy subjects in this task (Constantino and Daw, 299 2015). Altogether, these results suggest that subjects adust their behavior to changes in the opportunity 300 cost of time in the direction predicted by theory, though with a bias to over-stay relative to the optimal 301 policy.
302
Foraging Behavior: Effects of Disease and Medication
303
All subject groups, irrespective of disease, visit or medication condition, adjusted their leaving thresholds 304 to changes in the opportunity cost of time occasioned by manipulations of environmental quality. In order 305 to examine any between-group differences in these adjustments, while accounting for within and between 306 subject variance, we analyzed subjects' tree-by-tree leaving thresholds using a linear mixed-effects regression.
307
This analysis indicated that PD patients, when off medication, harvested significantly longer (i.e., displayed 308 lower exit thresholds) than controls (t 36 = 2.5, p = .017). Medication significantly ameliorated the deficit:
309
Patients had higher exit thresholds on medication as compared to off (t 16 = 3.09, p = .007) (see Table 3 ). proportionality by which, hypothetically, it reflects the average reward rate), then we would expect these 316 manipulations to exert both the overall effects discussed thus far and also an interaction with block type
317
(a proportionally more prounounced decrease in richer environments) (Beierholm et al., 2013) . Indeed, the 318 effects of both drug and disease were most apparent in the richer (short travel-delay) environment, as shown 319 in Figure 3 , though this interaction was only significant for the effect of disease (t 34 = 3.67.p < .001). with the same timing and key press requirements as in the foraging task but without the opportunity cost 330 and reward components.
331
In the task, subjects responded to two randomly drawn shapes with shape-specific key presses (see Figure 4a ). On each trial, a random shape was drawn from two possible alternatives, resulting in unexpected 333 sequences of the same shape followed by a change in shape. Reward-independent motor perseveration would 334 appear as a heightened tendency to press the key associated with the previously presented shape (a motor-335 response stickiness), and thus a higher error rate on trials that require a switch in the motor response (change 336 in shape).
337
We did not find a significant effect of shape change on the probability of being correct in any of the groups 338 (patients on medication, patients off medication, and controls; see Figure 4b and Table 4 ). Correct responses 339 overall were lower for patients on medication but this main effect was independent of the shape sequence,
340
indicating it did not arise from perseveration. Furthermore, as this deficit increased with medication, it ran 341 in the opposite direction of the increased tendency for harvesting by patients off medication in our foraging 342 task. We repeated the same logistic regression analysis, this time replacing the correct response dependent 343 variable with an indicator identifying missed trials, and again found no effect of a change in shape for any During this time, one of two shapes (diamond or star) was randomly drawn (with equal probability) and displayed center screen on each trial, resulting in unexpected sequences of the same shape followed by a change in shape. The shape remained on screen for the same amount of time as the apples in the foraging task and was followed by a response cue and feedback ("correct", "incorrect", or "too slow"). The timing and keypress contingencies were the same as in the foraging task but now one of the shapes was randomly assigned to the "harvest" key and the other to the "exit" key. (b) Probability of a correct response following the consecutive presentation of the same shape and following a switch in shape, shown by group in the following order (left to right): controls, visit 1; controls, visit 2; patients, on medication; patients, off medication. Individual points connected by grey lines are individual subject probabilities. Error bars show the 95% confidence intervals around the group mean probability. rather than learning, which supports the present framework and is hard to understand given the standard 405 interpretation involving deficits in phasic prediction error signaling (Shiner et al., 2012).
406
As in any PD study, our patient and control populations were somewhat heterogeneous and within 407 the patient population there was a range in the combinations and dosages of dopaminergic medication.
408
These differences are unlikely to confound our results since demographic characteristics were not significantly 409 different between patient and control groups, and the on/off medication comparison was within-subject.
410
Furthermore, as a robustness check, we repeated the key regression but included different additional factors 411 as nuisance variables (e.g. age, education, MoCA; data not shown) and found that the results were unaffected.
412
In addition to the average reward, there are several other possible mechanisms that might in principle 413 mediate the effects we observed. In particular, DA-dependent effects on time discounting or risk preferences for future work to independently assess risk sensitivity, time preferences, and foraging behavior, in order to 420 understand how they relate to one another and to DA dysfunction.
421
Similar points apply to interpreting our results in terms of perseveration. Although we took steps in both 422 task design and a control experiment to rule out an explanation in terms of pure motor perseveration, the 423 observed tendency of patients to stay rather than switch trees is reminiscent of cognitive perseveration and such dopaminergic related changes in switching behaviors, both in our serial decision task and more generally:
427
As DA levels are depleted, they signal impoverished environments, which in turn make any status quo option propensity to switch) observed in our foraging task.
433
Indeed, the present results may ultimately point toward a similar account of internal, cognitive switching 434 decisions of this sort and of cognitive control phenomena more generally. This would add to, and hint at 
